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We investigate the cosmological constraints on sterile neutrinos in a universe in which vacuum
energy interacts with cold dark matter by using latest observational data. We focus on two specific
interaction models, Q = βHρv and Q = βHρc. To overcome the problem of large-scale instability in
the interacting dark energy scenario, we employ the parametrized post-Friedmann (PPF) approach
for interacting dark energy to do the calculation of perturbation evolution. The observational data
sets used in this work include the Planck 2015 temperature and polarization data, the baryon acous-
tic oscillation measurements, the type-Ia supernova data, the Hubble constant direct measurement,
the galaxy weak lensing data, the redshift space distortion data, and the Planck lensing data. Us-
ing the all-data combination, we obtain Neff < 3.522 and m
eff
ν,sterile < 0.576 eV for the Q = βHρv
model, and Neff = 3.204
+0.049
−0.135 and m
eff
ν,sterile = 0.410
+0.150
−0.330 eV for the Q = βHρc model. The latter
indicates ∆Neff > 0 at the 1.17σ level and a nonzero mass of sterile neutrino at the 1.24σ level. In
addition, for the Q = βHρv model, we find that β = 0 is consistent with the current data, and for
the Q = βHρc model, we find that β > 0 is obtained at more than 1σ level.
I. INTRODUCTION
At its present stage, our universe is undergoing an
accelerating expansion, which has been confirmed by a
number of astronomical observations, such as type Ia su-
pernovae [1, 2], cosmic microwave background [3–7], and
large-scale structure [8–10]. The acceleration of the uni-
verse strongly indicates the existence of “dark energy”
[11–17] with negative pressure. The preferred candidate
for dark energy is the cosmological constant Λ proposed
by Einstein [18]. The equation-of-state parameter of Λ
is wΛ ≡ pΛ/ρΛ = −1. The cosmological model with Λ
and cold dark matter (CDM) is usually called the ΛCDM
model, which fits observations quite well. However, the
cosmological constant is plagued with several theoretical
difficulties, such as the so-called “fine-tuning” and “cos-
mic coincidence” problems [19, 20]. These theoretical
puzzles have led to significant efforts in developing alter-
native scenarios, such as dynamical dark energy models
or modified gravity theories. In particular, the interact-
ing dark energy scenario has been proven by cosmologists
to be capable of alleviating the coincidence problem ef-
fectively [21–25].
The interacting dark energy (IDE) scenario, in which it
is considered that there is some direct, non-gravitational
coupling between dark energy and dark matter, has been
widely studied [21–97]. The IDE scenario can provide
more features to fit the observations, because it not only
can affect the expansion history of the universe, but also
can change the growth history in a more direct way. The
impacts on the cosmic microwave background (CMB) [25,
86] and the large-scale structure (LSS) formation [29, 36,
44, 46, 72, 86] in the IDE scenario have been discussed
in detail.
Recently, Ref. [94] explores the cosmological weighing
of active neutrinos in the scenario of vacuum energy in-
teracting with cold dark matter by using current cosmo-
logical observations. It is found that, when the inter-
action is considered, the upper limit of active neutrino
mass may be largely changed. That is to say, the inter-
action between vacuum energy and cold dark matter may
affect the cosmological weighing of active neutrinos. In
this work, we wish to investigate how the interaction be-
tween vacuum energy and cold dark matter would affect
the constraints on sterile neutrino parameters with the
current cosmological observations.
The existence of light massive sterile neutrinos is
hinted by the anomalies of short-baseline (SBL) neutrino
oscillation experiments [98–103]. The SBL neutrino os-
cillation experiments seem to require the existence of an
extra sterile neutrino with mass at the eV-scale. How-
ever, it seems that this result is not favored by some
recent studies, such as the neutrino oscillation experi-
ment by the Daya Bay and MINOS collaborations [104],
the cosmic-ray (atmospheric neutrino) experiment by the
IceCube collaboration [105], and the latest cosmological
searches [106–109]. See Refs. [110–118] for more recent
relevant studies.
In this paper, we investigate the search for sterile neu-
trinos in a scenario of vacuum energy interacting with
cold dark matter (IvCDM, hereafter). The purpose of
considering the vacuum energy (w = −1) is to investi-
gate the pure impact of the coupling on the constraints
on sterile neutrino parameters.
In the IvCDM model, the energy conservation equa-
tions for the vacuum energy and cold dark matter satisfy
ρ′v = aQ, (1)
ρ′c = −3Hρc − aQ, (2)
where H is the conformal Hubble parameter defined as
H = a′/a (a is the scale factor of the universe), a prime
denotes the derivative with respect to the conformal time
η, ρv and ρc represent the energy densities of vacuum en-
ergy and cold dark matter, respectively, and Q denotes
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2the energy transfer rate. In this work, we consider two
popular forms of Q, i.e., Q = βHρv (denoted as Q1) and
Q = βHρc (denoted as Q2), where β is the dimensionless
coupling constant and H is the Hubble expansion rate of
the universe, H = a˙/a, where the dot denotes the deriva-
tive with respect to the cosmic time t. From Eqs. (1)
and (2), it is indicated that β < 0 means that vacuum
energy decays into cold dark matter, β > 0 means that
cold dark matter decays into vacuum energy, and β = 0
corresponds to the case without interaction. For con-
venience, the IvCDM models with Q1 and Q2 are also
denoted as the IvCDM1 model and the IvCDM2 model,
respectively.
This paper is organized as follows. In Sec. II, we intro-
duce the method and the observational data used in this
paper. In Sec. III, we present the fit results and discuss
these results in detail. Conclusion is given in Sec. IV.
II. METHOD AND DATA
A. Method
For the IvCDM model, the base parameter set (includ-
ing seven free parameters) is {Ωbh2, Ωch2, 100θ∗, β, τ ,
ln(1010As), ns}, where Ωbh2 is the physical baryon den-
sity, Ωch
2 is the physical cold dark matter density, θ∗
is the ratio between the sound horizon and the angular
diameter distance at the time of last-scattering, β is the
coupling constant characterizing the interaction strength
between vacuum energy and cold dark matter, τ is the
Thomson scattering optical depth due to reionization,
As is the amplitude of the primordial curvature pertur-
bation, and ns is its power-law spectral index.
When massive sterile neutrinos are considered in the
IvCDM model, two extra free parameters, the effective
number of relativistic species Neff and the effective sterile
neutrino mass meffν,sterile, should be involved in the calcu-
lation. The true mass of a thermally-distributed sterile
neutrino (mthermalsterile ) is related to these two parameters by
meffν,sterile = (Neff − 3.046)3/4mthermalsterile . Here, in order to
avoid a negative mthermalsterile , Neff must be larger than 3.046.
In this case, the total mass of active neutrinos
∑
mν is
fixed at 0.06 eV. Since we add massive sterile neutrinos
into the IvCDM model, the model considered in this pa-
per is called the IvCDM+νs model. For convenience, in
this paper, we use IvCDM1+νs and IvCDM2+νs to de-
note the correspondingQ = βHρv andQ = βHρc models
that involve sterile neutrinos, respectively. Thus, there
are nine base parameters in the IvCDM+νs (IvCDM1+νs
and IvCDM2+νs) models.
In this work, we also consider the cases with massive
active neutrinos, for a comparison. Namely, we will also
let
∑
mν be a free parameter in the corresponding mod-
els. For simplicity, in the cases of active neutrinos, we
use IvCDM1+νa and IvCDM2+νa to denote the corre-
sponding Q = βHρv and Q = βHρc models. In the cases
of considering both active and sterile neutrinos, we use
ΛCDM+νs+νa, IvCDM1+νs+νa, and IvCDM2+νs+νa
to denote the corresponding Q = 0, Q = βHρv, and
Q = βHρc models.
Note that, when we consider the situation of vacuum
energy interacting with cold dark matter, the vacuum en-
ergy would no longer be a pure background and in this
case we must consider the perturbations of the vacuum
energy. There are large-scale instabilities in the calcula-
tions of dark energy perturbations in a conventional way,
due to the incorrect calculation of the pressure pertur-
bation of dark energy. To overcome this difficulty, we
employ the parametrized post-Friedmann (PPF) scheme
to solve the instability problem of the IDE cosmology
[83, 94, 95, 119–121]. The main idea of the PPF is to
establish a direct relationship between the velocities of
dark energy and other components on large scales. On
small scales, the evolution of curvature perturbation is
described by the Possion equation. In order to make
these two limits compatible, a dynamical function Γ is
introduced to link them. By using the Einstein equations
and the conservation equations, the equation of motion
of Γ on all scales can be obtained. Then, we can get en-
ergy density and velocity perturbations of dark energy.
The PPF framework can give stable cosmological pertur-
bations for the IDE scenario and help us to probe the
whole parameter space of the model including β. For
more detailed information about the PPF framework for
the IDE models, see Refs. [119–121].
Our calculations are based on the public Markov-chain
Monte Carlo package CosmoMC [122]. To solve the back-
ground and perturbation equations for the IvCDM mod-
els, we employ the modified PPF code [83, 119, 120] (for
the original one, see Refs. [123, 124]) and make some
changes for the Boltzmann code CAMB [125].
B. Observational data
For observational data, we employ the Planck data in
combination with other cosmological probe data. For the
Planck data, we use the CMB temperature and polariza-
tion anisotropies data, including lowP, TT, TE, and EE,
which were released by the Planck collaboration [126].
We shall use “Planck” to denote the above data combi-
nation. For other observations, we consider the following
data sets:
• BAO: We employ the BAO data including the mea-
surements from 6dFGS (zeff = 0.1) [127], SDSS-
MGS (zeff = 0.15) [128], and LOWZ (zeff = 0.32)
and CMASS (zeff = 0.57) samples of BOSS DR12
[129].
• SN: We use the Joint Light-curve Analysis (JLA)
sample [130] of type Ia supernovae data, complied
from the SNLS, SDSS, and several samples of low-
redshift light-curve analysis.
• H0: We employ the latest direct measurement
3of the Hubble constant, H0 = 73.24 ± 1.74
km s−1 Mpc−1 [131].
• WL: We use the cosmic shear measurement of the
galaxy weak lensing from the CFHTLens Survey
[132].
• RSD: We use the two latest redshift space distor-
tions data from the LOWZ (zeff = 0.32) sample and
the CMASS (zeff = 0.57) sample of BOSS DR12
[133].
• lensing: We employ the CMB lensing power spec-
trum from the Planck lensing measurement [134].
For simplicity, we will use “BSH” to denote the joint
BAO+SN+H0 data combination, and use “LSS” to
denote the joint WL+RSD+lensing data combination.
Thus, in our analysis, we use the two data combinations:
(1) Planck+BSH and (2) Planck+BSH+LSS. We will re-
port the constraint results in the next section.
Note that in this work we try to use the observa-
tional data sets that have also been used in the fit analy-
ses of cosmological parameters performed by the Planck
collaboration [135–137]. Actually, there are also some
other additional data sets, such as KiDS, Planck SZ clus-
ter counts, H(z) measurements, and strong gravitational
lensing, etc., but we do not use these data in this work,
for the following reasons: (1) We wish to be in accor-
dance with the Planck collaboration in the use of data
in constraining cosmological parameters, in order for the
reader to easily make a comparison. For the weak grav-
itational lensing observation, we thus choose to use the
CFHTLenS data but not the KiDS data. (2) There are
still some uncontrolled systematics and calibration prob-
lems in some observations, such as the Planck SZ cluster
counts measurements. (3) For observations measuring
the expansion history of the universe, the “BSH” com-
bination used in this work can provide rather tight con-
straints on parameters of various dark energy models, but
the H(z) and strong lensing observations can only pro-
vide fairly weak additional constraints. In addition, we
also mention that the primordial light elements (helium
and deuterium) abundances predicted by the standard
big bang nucleosynthesis (BBN) can also be used to pro-
vide constraints on Neff . Combination with BBN in the
data is expected to provide a somewhat tighter constraint
on Neff (see, e.g., Refs. [106, 135]), but we do not use the
BBN data in this work, which may be left to a future
further work on this aspect.
III. RESULTS AND DISCUSSION
Detailed fit results for cosmological parameters are
given in Tables I–IV and Figs. 1–10. In the tables, we
quote ±1σ errors, but for the parameters that cannot be
well constrained, we only give 2σ upper limits.
A. Sterile neutrino parameters
In this subsection, we present the constraint results
of the IvCDM1 (Q = βHρv)+νs and IvCDM2 (Q =
βHρc)+νs models obtained by using Planck+BSH and
Planck+BSH+LSS data combinations and analyze how
the interaction between vacuum energy and cold dark
matter affects the cosmological constraints on the sterile
neutrino parameters. We take the ΛCDM+νs model as
a reference model in this study, and thus the fitting re-
sults of this model by using the same data combinations
are also given. Besides, we also make a simple discussion
for the models in which both active and sterile neutrinos
are considered. The main constraint results are given in
Tables I and II and Figs. 1–5.
For the IvCDM1+νs model, we obtain Neff < 3.641
and meffν,sterile < 0.312 eV from Planck+BSH, and Neff <
3.522 and meffν,sterile < 0.576 eV from Planck+BSH+LSS.
We find that these constraint results are basically consis-
tent with those of the ΛCDM+νs model by using both
two data combinations. We notice that in this model
adding the LSS data leads to a larger effective sterile neu-
trino mass limit. This is because the current LSS obser-
vations favor a lower matter perturbation (demonstrated
by a lower σ8), and in this case m
eff
ν,sterile is anti-correlated
with σ8 due to the free-streaming of sterile neutrinos (see
Fig. 1), thus a larger effective sterile neutrino mass limit
is derived. This result is in accordance with the conclu-
sions in previous studies for the active neutrino mass [94].
In addition, obviously, we see that only upper limits on
Neff and m
eff
ν,sterile are obtained by using both two data
combinations, which means that in this case only weak
hint of the existence of massive sterile neutrinos is found.
For the IvCDM2+νs model, we obtain Neff < 3.498
and meffν,sterile < 0.875 eV from Planck+BSH. We find
that, compared with the ΛCDM+νs model, the con-
straint on Neff becomes slightly tighter, but the con-
straint on meffν,sterile becomes much looser. Figure 2 shows
that β is positive correlated with meffν,sterile. Thus a larger
β will lead to a larger meffν,sterile, which explains why the
limit of meffν,sterile derived in the IvCDM2+νs model is
much larger than that in the ΛCDM+νs model. This
result is also in accordance with the conclusions in pre-
vious studies for the active neutrino mass [94], i.e., it
was found in Ref. [94] that the IvCDM2+νa model leads
to a much looser limit on the total mass of active neu-
trinos (
∑
mν < 0.20 eV) with the same data combi-
nation Planck+BSH. Similarly, in the case of the ster-
ile neutrino species, the IvCDM2+νs model also leads
to a much looser upper limit on the effective mass of
sterile neutrino (meffν,sterile < 0.875 eV). In addition, the
Planck+BSH+LSS constraint gives Neff = 3.204
+0.049
−0.135
and meffν,sterile = 0.410
+0.150
−0.330 eV. Evidently, adding the
measurements of growth of structure tightens the con-
straints on Neff and m
eff
ν,sterile significantly. Thus, our re-
sults prefer ∆Neff > 0 at the 1.17σ level and a non-zero
mass at the 1.24σ level. In this case, according to our fit
4TABLE I: Fit results for the ΛCDM+νs, IvCDM1 (Q = βHρv)+νs, and IvCDM2 (Q = βHρc)+νs models by using Planck+BSH
and Planck+BSH+LSS.
Model ΛCDM+νs (Q = 0) IvCDM1+νs (Q = βHρv) IvCDM2+νs (Q = βHρc)
Data Planck+BSH Planck+BSH+LSS Planck+BSH Planck+BSH+LSS Planck+BSH Planck+BSH+LSS
Ωm 0.302± 0.007 0.305± 0.007 0.333+0.069−0.053 0.310+0.039−0.031 0.296± 0.008 0.297± 0.008
σ8 0.836
+0.024
−0.019 0.798
+0.023
−0.016 0.818
+0.040
−0.039 0.793± 0.021 0.821+0.037−0.024 0.785+0.026−0.022
H0 [km/s/Mpc] 69.50
+1.00
−1.20 68.80
+0.61
−1.03 69.50± 1.10 68.84+0.70−1.09 69.50+0.70−0.92 69.31± 0.70
β ... ... −0.13+0.22−0.30 −0.02+0.14−0.18 0.0022± 0.0015 0.0026± 0.0015
Neff < 3.619 < 3.511 < 3.641 < 3.522 < 3.498 3.204
+0.049
−0.135
meffν,sterile [eV] < 0.285 < 0.499 < 0.312 < 0.576 < 0.875 0.410
+0.150
−0.330
TABLE II: Fit results for the ΛCDM+νs+νa, IvCDM1 (Q = βHρv)+νs+νa, and IvCDM2 (Q = βHρc)+νs+νa models by
using Planck+BSH and Planck+BSH+LSS.
Model ΛCDM+νs+νa (Q = 0) IvCDM1+νs+νa (Q = βHρv) IvCDM2+νs+νa (Q = βHρc)
Data Planck+BSH Planck+BSH+LSS Planck+BSH Planck+BSH+LSS Planck+BSH Planck+BSH+LSS
Ωm 0.302± 0.007 0.305± 0.007 0.329+0.075−0.056 0.309+0.038−0.030 0.296± 0.008 0.297± 0.008
σ8 0.837
+0.026
−0.019 0.797
+0.023
−0.016 0.822
+0.040
−0.044 0.795± 0.021 0.821+0.038−0.025 0.783+0.026−0.022
H0 [km/s/Mpc] 69.53
+0.93
−1.23 68.85
+0.68
−1.02 69.60
+1.00
−1.20 68.91
+0.76
−1.08 69.50
+0.72
−0.91 69.25
+0.72
−0.73
β ... ... −0.12+0.23−0.32 −0.02+0.13−0.17 0.0022± 0.0016 0.0028± 0.0016∑
mν [eV] < 0.126 < 0.173 < 0.131 < 0.158 < 0.179 < 0.246
Neff < 3.612 < 3.533 < 3.654 < 3.537 < 3.499 3.199
+0.047
−0.136
meffν,sterile [eV] < 0.343 < 0.563 < 0.227 < 0.558 < 0.877 0.400
+0.150
−0.350
TABLE III: Fit results for the IvCDM (with fixed neutrino mass
∑
mν = 0.06 eV), IvCDM +νs, and IvCDM+νa models from
the data combination Planck+BSH.
Q = βHρv Q = βHρc
Model IvCDM1 IvCDM1+νs IvCDM1+νa IvCDM2 IvCDM2+νs IvCDM2+νa
Ωm 0.321
+0.061
−0.053 0.333
+0.069
−0.053 0.316
+0.067
−0.049 0.294± 0.007 0.296± 0.008 0.295+0.007−0.008
σ8 0.821
+0.036
−0.032 0.818
+0.040
−0.039 0.827± 0.035 0.845+0.016−0.015 0.821+0.037−0.024 0.844+0.019−0.017
H0 [km/s/Mpc] 68.09± 0.48 69.50± 1.10 68.19+0.55−0.49 68.94+0.61−0.60 69.50+0.70−0.92 68.93± 0.64
β −0.08+0.22−0.27 −0.13+0.22−0.30 −0.04+0.20−0.30 0.0021± 0.0011 0.0022± 0.0015 0.0021+0.0012−0.0013
TABLE IV: Fit results for the IvCDM (with fixed neutrino mass
∑
mν = 0.06 eV), IvCDM +νs, and IvCDM+νa models from
the data combination Planck+BSH+LSS.
Q = βHρv Q = βHρc
Model IvCDM1 IvCDM1+νs IvCDM1+νa IvCDM2 IvCDM2+νs IvCDM2+νa
Ωm 0.316
+0.033
−0.030 0.310
+0.039
−0.031 0.315
+0.033
−0.029 0.297± 0.008 0.297± 0.008 0.298± 0.008
σ8 0.805± 0.018 0.793± 0.021 0.804± 0.019 0.819± 0.011 0.785+0.026−0.022 0.813+0.014−0.013
H0 [km/s/Mpc] 68.23± 0.47 68.84+0.70−1.09 68.19+0.60−0.52 68.73± 0.62 69.31± 0.70 68.57± 0.66
β −0.06+0.13−0.15 −0.02+0.14−0.18 −0.05+0.12−0.15 0.0014± 0.0011 0.0026± 0.0015 0.0021+0.0014−0.0016
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FIG. 1: The one-dimensional posterior distributions and two-dimensional marginalized contours (1σ and 2σ) for parameters
β, σ8, Neff , and m
eff
ν,sterile of the IΛCDM1 (Q = βHρv)+νs model by using the Planck+BSH (blue) and the Planck+BSH+LSS
(green) data combinations.
results, we have ∆Neff ≈ 0.16 and mthermalsterile ≈ 1.636 eV,
indicating a partially thermalized sterile neutrino with
eV-scale mass.
To directly show how the forms of interaction af-
fect the constraints on sterile neutrino parameters, we
show in Fig. 3 the comparison of the three models, i.e.,
ΛCDM+νs, IvCDM1 (Q = βHρv)+νs, and IvCDM2
(Q = βHρc)+νs, from Planck+BSH+LSS combination
(tighter constraint). We can clearly see that, in the
IvCDM1 (Q = βHρv)+νs model, the posterior dis-
tribution curves and the marginalized contours in the
meffν,sterile–Neff plane are almost in coincidence with the
ΛCDM+νs model. The constraint results for parameters
of the IvCDM2+νs model are evidently different.
Furthermore, we also consider both active and ster-
ile neutrinos in the interacting vacuum energy models.
The main constraint results are shown in Table II and
Figs. 4 and 5.
From Table II, we find that in these models (the
ΛCDM+νs+νa, IvCDM1+νs+νa, and IvCDM2+νs+νa
models), the fit values of parameters (β, Neff , m
eff
ν,sterile,
and so on) are actually similar to those in the mod-
els without considering active neutrinos (see Table I).
To show apparently the effect of active neutrinos on the
constraints on parameters in IvCDM+νs+νa models, the
one- and two-dimensional marginalized posterior distri-
butions of parameters (β, σ8, Neff , m
eff
ν,sterile, and
∑
mν)
for the IvCDM1+νs+νa and IvCDM2+νs+νa models are
plotted in Figs. 4 and 5, respectively. We can clearly see
that, compared with Figs. 1 and 2, the one- and two-
dimensional marginalized posterior distributions are very
similar. Therefore, the consideration of active neutrinos
in the models with sterile neutrinos almost does not in-
fluence fitting results and also does not introduce new
degeneracies.
B. Coupling constant β
In this subsection, we present the results of coupling
constant β. The main constraint results are shown in
Tables I–IV and Figs. 6–9.
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FIG. 2: The one-dimensional posterior distributions and two-dimensional marginalized contours (1σ and 2σ) for parameters
β, σ8, Neff , and m
eff
ν,sterile of the IvCDM2 (Q = βHρc)+νs model by using the Planck+BSH (blue) and the Planck+BSH+LSS
(green) data combinations.
For the IvCDM1+νs model, from Table I, we have β =
−0.13+0.22−0.30 by using Planck+BSH, and β = −0.02+0.14−0.18
by using Planck+BSH+LSS. These results slightly favor
a negative coupling constant, which means that vacuum
energy decays into cold dark matter. For this model, the
two-dimensional marginalized posterior distribution con-
tours including β are shown in Fig. 6. One can clearly
see that in this model β = 0 is actually well consistent
with the current observations inside the 1σ range, and
further including the LSS data (WL, RSD, and CMB
lensing) can lead to tighter constraint results for the pa-
rameters. Moreover, for both data combinations, we find
that there exists strong degeneracy between β and Ωm in
this model.
For the IvCDM2+νs model, we obtain β = 0.0022 ±
0.0015 from Planck+BSH, and β = 0.0026± 0.0015 from
Planck+BSH+LSS. A remarkable feature of this model
is that the coupling constant β can be tightly constrained
for the two data combinations. Another interesting phe-
nomenon is that the both two data combinations consis-
tently favor a positive coupling constant β at more than
1σ level, indicating that the case of cold dark matter
decaying into vacuum energy is more supported. The re-
sults of β > 0 (at more than 1σ level) can be clearly seen
in Fig. 7.
Here, with the purpose of directly showing the effect
of sterile neutrinos on the constraints of the coupling
constant β, we also perform an analysis for the IvCDM
model (without sterile neutrinos), to make a comparison,
and the detailed fit results are given in Tables III and IV
as well as Figs. 8 and 9.
In Tables III and IV, for a direct comparison, we dupli-
cate the constraint results of the IvCDM+νs models from
the Planck+BSH and Planck+BSH+LSS data combina-
tions here (see also Table I). By using the Planck+BSH
data, we obtain β = −0.08+0.22−0.27 for the IvCDM1 model
and β = 0.0021 ± 0.0011 for the IvCDM2 model. In
the cases with sterile neutrinos, we have β = −0.13+0.22−0.30
for the IvCDM1+νs model and β = 0.0022 ± 0.0015 for
the IvCDM2+νs model. By using the Planck+BSH+LSS
data, we obtain β = −0.06+0.13−0.15 for the IvCDM1 model
and β = 0.0014 ± 0.0011 for the IvCDM2 model. When
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FIG. 3: The one-dimensional posterior distributions and two-dimensional marginalized contours (1σ and 2σ) for parame-
ters meffν,sterile and Neff of the ΛCDM+νs, IvCDM1 (Q = βHρv)+νs, and IvCDM2 (Q = βHρc)+νs models by using the
Planck+BSH+LSS data combination.
sterile neutrinos are considered in these models, we have
β = −0.02+0.14−0.18 for the IvCDM1+νs model and β =
0.0026 ± 0.0015 for the IvCDM2+νs model. One can
clearly see that, in the IvCDM1 cases (with Q = βHρv),
β = 0 is inside the 1σ range, no matter if the massive ster-
ile neutrino is taken into account. On the other hand, in
the IvCDM2 cases (with Q = βHρc), both the IvCDM2
model and the IvCDM2+νs model favor β > 0 at more
than 1σ level. That is to say, the consideration of sterile
neutrinos in the IvCDM scenario almost does not influ-
ence the constraint results of the coupling constant β.
We also wish to compare our analysis with previ-
ous studies for the active neutrino mass in the inter-
acting vacuum energy model [94]. In Ref. [94] (see
also Table III), it was found that β = −0.04+0.20−0.30 for
the IvCDM1+νa model and β = 0.0021
+0.0012
−0.0013 for the
IvCDM2+νa model by using the Planck+BSH data com-
bination. In the case of using the Planck+BSH+LSS
data combination, we have β = −0.05+0.12−0.15 for the
IvCDM1+νa model and β = 0.0021
+0.0014
−0.0016 for the
IvCDM2+νa model. Obviously, we find that the consid-
eration of massive (sterile/active) neutrinos almost does
not influence the constraints on β in both the Q = βHρv
model and the Q = βHρc model. The one-dimensional
posterior distributions of β for the three models (IvCDM,
IvCDM+νs, and IvCDM+νa) using Planck+BSH and
Planck+BSH+LSS are shown in Figs. 8 and 9.
C. The tension issue
In this subsection, we wish to simply address the issue
of the H0 tension between the Planck observation and
the direct measurement from distance ladder. The ten-
sion has been discussed extensively in the literature, by
additionally considering massive active neutrinos, sterile
neutrinos, or dynamical dark energy. In this subsection,
we only focus on the interaction between vacuum energy
and cold dark matter, and we wish to see whether the in-
teraction can play a significant role in relieving the ten-
sion. Our discussion is based on the constraint results
shown in Table I (see also Fig. 10).
From Table I, we see that in the case of using the
Planck+BSH data combination, the ΛCDM+νs model
gives H0 = 69.50
+1.00
−1.20 km s
−1 Mpc−1, the IvCDM1+νs
model gives H0 = 69.50±1.10 km s−1 Mpc−1,
and the IvCDM2+νs model gives H0 =
69.50+0.70−0.92 km s
−1 Mpc−1, indicating that the ten-
sions with the direct measurement of the Hubble
constant are at the 1.74σ, 1.69σ, and 1.86σ levels, re-
spectively. We thus find that in the IvCDM1+νs model,
the tension is only slightly relieved compared with the
ΛCDM+νs model, while in the IvCDM2+νs model the
tension is even slightly enhanced. In the case of using
the Planck+BSH+LSS data combination, we obtain
H0 = 68.80
+0.61
−1.03 km s
−1 Mpc−1 in the ΛCDM+νs model,
H0 = 68.84
+0.70
−1.09 km s
−1 Mpc−1 in the IvCDM1+νs
model, and H0 = 69.31±0.70 km s−1 Mpc−1 in the
IvCDM2+νs model. So, in this case, the tensions with
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FIG. 4: The one-dimensional posterior distributions and two-dimensional marginalized contours (1σ and 2σ) for parame-
ters β, σ8, Neff , m
eff
ν,sterile, and
∑
mν of the IvCDM1 (Q = βHρde)+νs+νa model by using the Planck+BSH (blue) and
Planck+BSH+LSS (green) data combinations.
the direct measurement are at the 2.27σ, 2.21σ, and
1.96σ levels, respectively, showing that the consideration
of the interaction between vacuum energy and cold dark
matter of this form can only slightly relieve the tension.
Therefore, from the analysis above, we can clearly see
that the consideration of interaction between vacuum en-
ergy and cold dark matter only offers a marginal improve-
ment for the H0 tension in the most cases. To directly
show how the interaction affects the constraints on H0,
we plot one-dimensional posterior distributions for H0 in
Fig. 10.
IV. CONCLUSION
In this paper, we consider massive sterile neutrinos in
the interacting vacuum energy scenario. We have studied
two interacting vacuum energy models with the energy
transfer rates Q = βHρv and Q = βHρc, respectively.
We used the PPF approach to calculate the perturba-
tions of the vacuum energy in the interacting scenario.
In this paper, we have two aims: (i) We wish to investi-
gate if the interaction (between vacuum energy and cold
dark matter) and sterile neutrino parameters have some
correlations with each other. (ii) We wish to search for
sterile neutrinos in the interacting vacuum energy model
with the latest cosmological observations. The observa-
tional data used in this paper include the Planck 2015
TT,TE,EE+lowP data, the BAO measurements, the SN
data, the latest direct measurement of H0, the shear
data of WL observation, the RSD measurement, and the
Planck lensing measurement.
We show that, in the IvCDM model with Q = βHρv,
Neff < 3.641 and m
eff
ν,sterile < 0.312 eV are obtained
from Planck+BSH, and Neff < 3.522 and m
eff
ν,sterile <
0.576 eV are obtained from Planck+BSH+LSS. In the
IvCDM model with Q = βHρc, we obtain Neff <
3.498 and meffν,sterile < 0.875 eV from Planck+BSH, and
Neff = 3.204
+0.049
−0.135 and m
eff
ν,sterile = 0.410
+0.150
−0.330 eV from
Planck+BSH+LSS. Thus, for the IvCDM model with
Q = βHρv, only upper limits on Neff and m
eff
ν,sterile are
obtained by using both two data combinations. For the
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IvCDM model with Q = βHρc, using the Planck+BSH
data, only upper limits on Neff and m
eff
ν,sterile can be de-
rived. Further including the LSS (WL+RSD+lensing)
data significantly improves the constraints, and we have
Neff = 3.204
+0.049
−0.135 and m
eff
ν,sterile = 0.410
+0.150
−0.330 eV using
Planck+BSH+LSS. According to the fit results of the lat-
ter case, we have ∆Neff ≈ 0.16 and mthermalsterile ≈ 1.636 eV,
indicating a partially thermalized sterile neutrino with
eV-scale mass. Therefore, we conclude that the different
interacting forms could influence the constraint results of
sterile neutrino parameters significantly.
According to the constraints of two data combinations,
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FIG. 10: The one-dimensional posterior distributions of H0 for the ΛCDM+νs, IvCDM1+νs, and IvCDM2+νs models from
the constraints of the Planck+BSH (left) and Planck+BSH+LSS (right) data combinations. The result of direct measurement
of the Hubble constant is shown by a grey band.
we find that for the IvCDM1+νs model β = 0 is consis-
tent with the current data inside 1σ range, which implies
that this model is recovered to a standard ΛCDM uni-
verse. For the IvCDM2+νs model, we find that β > 0 is
favored at more than 1σ level, which indicates that cold
dark matter decays into vacuum energy, and we show
that this model can be tightly constrained by using the
two data combinations. We find that the consideration
of massive sterile neutrinos almost does not influence the
constraint on the coupling constant β.
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